Uracil-DNA glycosylase (UDG), a key highly conserved DNA repair enzyme involved in uracil excision repair, was discovered in Escherichia coli. The Bacillus subtilis bacteriophage, PBS-1 and PBS-2, which contain dUMP residues in their DNA, express a UDG inhibitor protein, Ugi which binds to UDG very tightly to form a physiologically irreversible complex. The X-ray analysis of the E.coli UDG (EcUDG)-Ugi complex at 3.2 Å resolution, leads to the first structure elucidation of a bacterial UDG molecule. This structure is similar to the enzymes from human and viral sources. A comparison of the available structures involving UDG permits the delineation of the constant and the variable regions of the molecule. Structural comparison and mutational analysis also indicate that the mode of action of the enzyme from these sources are the same. The crystal structure shows a remarkable spatial conservation of the active site residues involved in DNA binding in spite of significant differences in the structure of the enzyme-inhibitor complex, in comparison with those from the mammalian and viral sources. EcUDG could serve as a prototype for UDGs from pathogenic prokaryotes, and provide a framework for possible drug development against such pathogens with emphasis on features of the molecule that differ from those in the human enzyme.
INTRODUCTION
DNA glycosylases excise damaged or unconventional bases in DNA and initiate the base excision repair (BER) pathway to maintain genomic integrity. Of these, uracil-DNA glycosylase (UDG) excises uracil from DNA by cleavage of the N-glycosidic bond between uracil and deoxyribose sugar. Uracil residues in DNA arise as a result of deamination of cytosine or incorporation of dUMP by DNA polymerase. However, in cells, the latter event is kept to a minimum by the presence of dUTPase (dut) which helps maintain a low level of dUTP. UDG (Ung) was the first DNA glycosylase to be discovered (1) and purified from Escherichia coli (2) . It has since been found in most organisms including some of the viruses that infect eukaryotic cells. The E.coli UDG (EcUDG) gene (ung) was also the first uracil DNA glycosylase to be cloned (3) and sequenced (4) . Subsequent cloning and sequencing of UDG genes from Saccharomyces cerevisiae (5) , human (6) and other sources established that UDG is a highly conserved protein. Interestingly, the organisms also contain a second group of UDGs consisting of a diverse group of proteins such as the cyclin-like UDG (7, 8) , dsUDG (9) and glyceraldehyde 3 phosphate dehydrogenase (10) . None of the UDGs studied so far require metal ions or other cofactors for its activity (11) (12) (13) (14) . While for much of the biochemical studies EcUDG has served as a prototype (11, (14) (15) (16) (17) , its 3D structure is still unavailable. However, the crystal structure solutions of the N-terminally deleted active UDGs from human and herpes simplex virus type-1 (HSV-1) have shown that their 3D structures are highly conserved. These crystal structures have revealed that the active site grooves of the conserved UDGs are also highly conserved and that they bind to uridine in its extrahelical conformation (18) (19) (20) (21) (22) . Binding of extrahelical bases was earlier reported for two bacterial DNA methyltransferases and several other DNA repair enzymes (23) (24) (25) . Recently, the structure of an engineered mutant of human UDG complexed with doublestranded DNA suggested that the uracil base flipping is achieved by the enzyme mediated 'push' and 'pull' mechanism (22, 26) involving a highly conserved motif HPSPLS. However, a recent study of the interactions of HSV type-2 UDG mutants with singleor double-stranded DNA oligomers, which either contained or lacked dU, using surface plasmon resonance, suggested UDG binding to the spontaneously flipped out bases (27) . In any case, the glycosidic bond between the uracil and the sugar is cleaved by the attack of a hydroxyl nucleophile onto the deoxyribose C1′ atom. The hydroxyl nucleophile is most likely generated by the activation of a water molecule by the aspartate residue of yet another conserved motif GQDPYH (12, 18, 28) .
UDGs are inhibited by free uracil and some of its derivatives (11) (12) (13) (14) . Another category of UDG inhibitors is represented by Bacillus subtilis phage PBS-1 and PBS-2 encoded inhibitor Nucleic Acids Research, 1998, Vol. 26, No. 21 4881 protein Ugi (29) and phage T5 induced proteins (30) . The mechanism of UDG inhibition by Ugi has been well studied. Ugi is a heat stable, acidic, low molecular weight protein of 9.5 kDa which interacts with UDG in a 1:1 molar stoichiometry to form a complex that does not dissociate under physiological conditions (13) . Because of its low molecular weight, the UDG-Ugi complex is well suited to study the mechanism of protein-protein interaction by various biophysical methods. The co-crystal structures of Ugi with human and HSV-1 UDGs have been solved recently (20, 21) .
Recently, we described the design of a transcriptionally coupled system for co-expression of the two proteins to form UDG-Ugi complex in the cellular milieu (31) . The EcUDG-Ugi complex so obtained was purified and used to obtain the crystals of the complex. These crystals diffract to 3.2 Å. In this report we describe the long awaited 3D structure of EcUDG in its complex with Ugi. Furthermore, the present analysis, the first of a bacterial UDG, permits a detailed comparison of the enzyme from mammalian, bacterial and viral sources.
MATERIALS AND METHODS
UDG and Ugi were co-expressed using a bicistronic construct, and the in vivo formed complex of EcUDG with Ugi was purified to apparent homogeneity as described by Roy et al. (31) . The crystals of the complex were grown from a hanging drop of 5 mg/ml protein in 20 mM Tris-HCl buffer, pH 7.4, containing 100 mM NaCl, 8% (w/v) PEG 3350 equilibrated against 30% (w/v) PEG 3350 in water. The crystals grew to their maximum size of 0.2 × 0.15 × 0.15 mm in 3-4 weeks. The asymmetric unit could contain two complexes for a Matthews co-efficient of 2.28 Å 3 /Da assuming the molecular weight of the complex to be 36 kDa.
A crystal of the dimensions mentioned above was mounted in a glass capillary. X-ray diffraction data were collected at room temperature using a 30 cm MAR Research imaging plate system mounted on a Rigaku RU200 X-ray generator operating at 40 kV and 58 mA. Data collection statistics are given in Table 1 . Though the crystals diffract to ∼2.8 Å resolution, useful data could be processed only to 3.2 Å. The data set was collected from a single crystal (space group P2 1 2 1 2 1 , a = 51.37; b = 89.77; c = 142.13 Å) and were processed using the DENZO/SCALEPACK suite of programs (32) .
The structure of the EcUDG-Ugi complex was determined by molecular replacement using AMoRe (33) . The search model used was derived from the HSV-1 UDG-Ugi structure downloaded from the Brookhaven Protein Data Bank (PDB code: pdb1udi.ent) (34) , which shares 49% sequence identity with E.coli UDG. Though the 'correct' solution had a clearly demarcated low R-factor and high correlation coefficient, an examination of the packing of the molecules (two complexes in the asymmetric unit) showed severe clashes involving the first 14 residues of the inhibitor. Subsequently, a search for two UDG molecules and one Ugi molecule did not show any short contacts. Data in the 15.0-4.0 Å resolution range and an integration radius of 20.0 Å, were used in the calculations of the rotation and translation functions. The solution had a correlation coefficient of 0.465 and an R-factor of 42.2%. In comparison, the next suggested solution had a correlation coefficient and R-factor of 0.392 and 44.4%, respectively. An examination of both 2F o -F c and F o -F c maps calculated after an initial round of refinement, showed density for a second Ugi molecule but no density for the first 14 residues in both the independent inhibitor molecules. The second molecule was then built into the difference map and further refinement proceeded. The initial free and the conventional R-factors were 45.7 and 44.8%, respectively, to a resolution 3.2 Å. Both 2F o -F c and F o -F c maps calculated at this stage were easy to interpret. An atomic model of EcUDG-Ugi complex consistent with the amino acid sequence deduced from the gene sequence was built using the interactive graphics program FRODO (35) . Refinement proceeded routinely using XPLOR (36). Engh and Huber parameters (37) were used throughout the refinement. Noncrystallographic symmetry restraints were imposed in all the refinement cycles with an effective energy constant of 300 kcal/mol. A total of 10% of the reflections not included in the refinement were used for the computation of the free R-factor. At each stage, the refinement proceeded until the free R-factor converged. Rounds of refinement were interspersed with manual map building. Only the overall and group B-factors were refined throughout. When the free R-factor dropped to 29%, probable water molecules making hydrogen bonds with the protein atoms were located in difference Fourier maps contoured at 3σ level. A total of 116 water molecules were added to the model in stages. Extensive use was made of omit type maps (38, 39) to confirm the location of water molecules and to remove the effects of any model bias. All the insertions and deletions in the sequence compared with the model from the herpes virus source could easily be built using these maps. The final model consists of residues from 6-226 (C-terminus) in enzyme molecule 1, 6-225 in enzyme molecule 2, 15-84 in both the molecules of the inhibitor and 116 water oxygens. However, density was absent beyond Cβ in residues 9, 11, 42, 177, 195 in enzyme molecule 1 and in residues 6, 10, 171, 177, 179, 195 and 211 in enzyme molecule Table 1 . The quality of the final 2F o -F c and F o -F c map is illustrated in Figure 1 . The coordinates and the structure factors have been deposited in the PDB with accession codes 1EUI and R1EUISF, respectively.
Escherichia coli ung gene was mutated at codons 64 and 187 using a modification of the method of Kunkel (41) . Relevant segments of ung gene were subcloned into pTrc99C (Pharmacia) based expression system and verified by sequence analysis. Log phase cultures of freshly obtained transformants were induced by 0.25-0.5 mM IPTG, and the activities of the pure proteins were determined from range finding experiments (17) .
RESULTS AND DISCUSSION

Molecular structure
As expected, partly on account of the NCS restraints, the two crystallographically independent complexes in the structure have remarkably similar conformation. When superposed, the r.m.s. deviation in Cα positions between the two molecules is as low as 0.36 Å, while the corresponding figure for the inhibitor molecules is still lower at 0.08 Å. The mutual disposition of the enzyme and the inhibitor is also the same in the two complexes. For example, when the orientation matrix and the translation vector which relate the two enzyme molecules are used to superpose the inhibitor molecules, the r.m.s. deviation in Cα positions between the two inhibitor molecules still remains low at 0.35 Å. Thus, only one of the complexes is used in the discussion that follows.
As in the case of the enzymes from other sources, EcUDG has a classical α-β-α structure with a small four-stranded β-sheet sandwiched between the helices at the core of the molecule (Fig. 2) . The number of helices varies depending upon the criteria used for identifying them. The current widely used criteria provided by Kabsch and Sanders (42) , leads to the identification of 11 separate helical stretches of varying lengths (Fig. 3 ). Of these, four contain >10 residues each. Two such long helices lie on either side of the sheet. The remaining helices contain five residues or less. The N-terminal segment up to residue 33 is reasonably straight, and contains an extended stretch, a short three-residue helix and the long 18-33 helix. The polypeptide chain then takes a U-turn and follows a zig-zag course consisting of a long loop, a short helix and a short loop before entering the β structure as the first five-residue long strand. The strand is followed by a 13-residue helix, another long loop and a short helix before entering the sheet as strand 2. Strands 2 and 3 are connected by a long loop, a long helix and a short loop. The polypeptide stretch that connects strands 3 and 4 contain two short helical stretches in addition to loops. The C-terminal stretch that follows strand 4 contains a short loop, a short helix, a long loop, a long helix and a coil, in that order.
The first 14 N-terminal residues in the inhibitor molecules are not seen in the electron density map and are presumed to be disordered. The rest of the molecule is essentially an antiparallel β-sheet made up of five contiguous strands with a helix in the polypeptide stretch that connects strands 1 and 2 (Fig. 2) . The helix lies on one side of the sheet towards the end of the molecule.
Comparison with the human and HSV-1 enzymes and their complexes
The structures of human and HSV-1 UDG and their inhibitor complexes including those involving Ugi have been reported (18) (19) (20) (21) . Also available is an NMR structure of Ugi (43) . In terms of the sequence, the major difference among the E.coli, human and HSV-1 enzymes lies at the N-terminus. The first residue in EcUDG corresponds to residue 26 in the HSV-1 enzyme and residue 83 in the human enzyme. The first 71 residues have been removed from the recombinant human enzyme used for structure analysis. A further nine residues are not seen in the electron density map. In the case of the HSV-1 enzyme, the first 16 residues are not seen in the maps. This number is five in the electron density maps of EcUDG. Thus, the first structurally defined residue in E.coli is the sixth one from the N-terminus. It corresponds to the residue 31 in HSV-1 UDG and the residue 88 in the human enzyme. Furthermore, there are deletions at residues 35, 170, 193 and 194 (EcUDG numbering scheme) and an insertion between residues 199 and 200 in the HSV-1 enzyme when compared with the E.coli enzyme. The sequence of the human enzyme has only one deletion at residue 34 when compared with EcUDG. The sequence identity between the human and the HSV-1 enzymes is 39%, whereas it is 49% between E.coli and HSV-1 enzymes and 56% between E.coli and human enzymes. Thus, the E.coli enzyme is more similar to the human enzyme than to the HSV-1 enzyme. It also turns out that the human and the HSV-1 enzymes are closer to the E.coli enzyme than they are to each other.
The 3D structure of the EcUDG in its complex with Ugi is similar to that of the HSV-1 and human enzymes and their complexes. The coordinates of the free enzymes and the complexes of the HSV-1 enzyme with uracil (18), a trinucleotide (18) and Ugi (21) are available. There are altogether seven crystallographically independent UDG molecules distributed among the crystal structures for which the atomic coordinates are available in the PDB. The r.m.s. deviations in the Cα position among them are listed in Table 2 . The values involving the HSV-1 enzyme and its complexes clearly show that the geometry of the enzyme molecule remains relatively unaffected by interaction with inhibitors. Those involving enzymes from the three sources partially conform to the conclusion drawn from sequence information. The r.m.s. deviation in Cα position of EcUDG from the human enzyme is less than that from the HSV-1 enzyme. However, that between the human and the HSV-1 enzyme is slightly lower than that between the E.coli and HSV-1 enzymes, though it is considerably higher than that between E.coli and human enzymes.
The availability of several structures of the same molecule from different species and under different environmental conditions Figure 2 . The residues constituting the constant region are spatially contiguous and contain the central β-sheet and its immediate neighbourhood, particularly residues facing the substrate/inhibitor. The variable regions are, as expected, at the periphery of the molecule. The longest stretches of the polypeptide chain in these regions are the N-terminal residues up to 34 and the C-terminal residues, 195-226. The N-terminal residues and residues 48-52 and 148-149 constitute a variable region at one edge of the molecule. The C-terminal residues and the residues 100-107 form a variable region at the opposite edge of the molecule. These account for 76 out of the 93 residues in variable regions. The remaining variable residues are distributed in a non-contiguous manner.
Coordinates of only two crystal structures containing Ugi are currently available. Of these, the present structure contains two independent molecules and the complex involving the HSV-1 enzyme contains one independent molecule. Of the two helices in Ugi found in the complex with HSV-1 UDG, one is disordered in the present structure. An NMR study on the inhibitor and its complex (43) shows that the orientation of the two helices with respect to the sheet is highly variable. Presumably, in the crystal structure, the complex with EcUDG permits variable orientation of one of the helices, while the other helix has a fixed orientation. Calculation of the type outlined earlier was performed on residue 15 to the C-terminus in the two Ugi molecules in the present structure and the molecule in the complex with HSV-1 enzyme, to delineate the constant and the variable regions in it. In this calculation, the threshold value d was chosen as 0.60 Å, a value close to the average r.m.s. deviation in the Cα positions among the three molecules. In addition to residues 1-14 (disordered in the EcUDG complex), the other residues in the variable regions are 15-17, 26, 34, 37-38, 42, 47-53, 62, 75-76 and 82-84. All these residues belong to loops or chain termini.
Active site, mechanism of action and inhibitor binding
The binding site of the enzyme consists of a long positively charged groove which binds DNA and an adjacent pocket which binds uracil (Fig. 4a) (18, 22) .
When the HSV-1-UDG uracil complex was superposed on the EcUDG molecule, the uracil molecule fits in exactly without short contacts in the binding pocket of the latter. The interactions involving uracil are also preserved. The same result was obtained when the HSV-1 UDG-trinucleotide complex was superposed on EcUDG. The relation between the mechanism of action of EcUDG and that of the human and HSV-1 enzymes was further explored through mutational studies involving Asp 64 and His 187. It was found that the mutants D64N and D64H as well as H187L and H187R were <1% active compared with the wild-type enzyme. These mutations, however, do not affect the binding of EcUDG to Ugi, suggesting that the mutations do not affect the 3D structure of the enzyme and that the reduction of activity is caused by interference with the catalytic mechanism. A water molecule adjacent to the catalytic residue Asp 64, has been implicated in catalysis on the basis of the work on the human and HSV-1 enzyme. This water molecule is present in the EcUDG-Ugi complex as well. To sum up, the above observations conclusively demonstrate that the nature of the binding site and mechanism of action of EcUDG are essentially the same as in the mammalian and the viral enzymes. The low value for the EcUDG molecules could be partly due to NCS restraints.
The above conclusion is supported by a comparison of the mode of Ugi binding to the enzyme from the three sources. The helix, comprising residues 3-13 of the inhibitor, which is disordered in the present structure, does not seem to play any part in the binding. There are no enzyme-inhibitor contacts with this helix in the HSV-1 UDG-Ugi complex. The enzyme-inhibitor interactions are nearly the same in all the three cases. All such interactions (distance < 3.6 Å) involving EcUDG are given in Table 3 . All of these are observed in the complex involving the HSV-1 enzyme as well. When the two complexes were superposed using the orientation matrix and the translation vector appropriate for the superposition of the two enzyme molecules, the inhibitors superposed with a low r.m.s. value of 0.95 Å for Cα atoms. Detailed calculations involving the inhibitor complex of the human enzyme could not be carried out in the absence of the availability of the coordinates. However, the reported structure indicates that the enzyme-inhibitor interactions in it are similar to those in the complexes involving E.coli and HSV-1 enzymes.
A solvent accessibility calculation carried out using the Lee and Richards algorithm (45) with a probe radius of 1.4 Å shows that the EcUDG-Ugi complex formation buries as much as 21% (1064 Å 2 ) of the total accessible surface area of the Ugi molecule. In order to probe the role in UDG binding, if any, of the first 14 disordered residues in the present structure, the buried surface area calculation was carried out for the HSV-1 enzyme using the same algorithm and probe radius with and without the 14 residues in the HSV-1 UDG-Ugi complex. The results show that the buried surface area remains unaffected by the removal of these residues. The UDG-Ugi interface is highly polar and displays both electrostatic charge and shape complementarity. The coefficients of shape complementarity (46) are 0.61 and 0.59, respectively, for two molecules in the asymmetric unit compared with 0.64 observed in HSV-1 UDG-Ugi complex.
Despite the close similarity of the binding sites of the enzymes from the three sources, differences exist in details. It is particularly interesting to examine these differences between the E.coli and the human enzymes. The Cα atoms of the residues in the binding site of EcUDG superpose with an r.m.s. deviation of 0.61 Å on those of the human enzyme and with an r.m.s. deviation of 0.32 Å on those in the HSV-1 enzyme (Fig. 4b) . Thus, despite the greater sequence and overall structural similarity, the human enzyme exhibits larger deviations at the active site compared with the HSV-1 enzyme. The same result is obtained when all the atoms in the binding site are considered (1.14 and 0.62 Å in the human and the HSV-1 enzymes, respectively). The largest overall deviations (1.2 Å in Cα) between the two enzymes occurs in the case of Ser 166 (EcUDG numbering). Interestingly, the conformation of the catalytic residue Asp 64 is different in the two enzymes. The side chain carboxylate is staggered between the main chain amino and carbonyl groups (χ1 = 71_ in molecule 1 and 65_ in molecule 2) in the E.coli enzyme while it is trans to the amino group (χ1 = -158_) in the human enzyme. The conformation of this aspartyl residue in the HSV-1 enzyme is similar to that in the E.coli enzyme. The same is the case with the adjacent Gln 63. Another residue which exhibits different conformations in the E.coli and human enzymes is Leu 191 which is believed to play an important role in the interaction of UDG with DNA (19, 22) . χ1 in this residue is close to 180_ and χ2 close to 60_ in both the molecules in EcUDG and the HSV-1 enzyme, whereas these torsion angles are close to -60 and 180_ in the human enzyme. It is also interesting to note that residues 194 and 195 present in the E.coli and the human enzymes are also involved in DNA binding (22) . The first is a histidine in EcUDG and a tyrosine in the human enzyme, while the second is an arginine in both the cases. Residue 194 is deleted and 195 is a lysine in the HSV-1 enzyme. The loop containing these residues exhibits structural differences among the enzymes and hence may influence enzyme activity. In addition, differences between the E.coli and the human enzymes in the variable regions of the molecule could well be important in interactions with accessory proteins in vivo. 
CONCLUSIONS
Deamination of cytosine residues to uracil is a frequent occurrence in the cell. Such conversions are likely to be even more prominent in the organisms with G+C rich genomes. Deamination results in the appearance of uracil in DNA, which unless repaired, leads to G:C!A:T mutations. Intracellular pathogens such as mycobacteria are at increased risk of cytosine deamination not only because of their G+C rich genomes (up to 70%) but also because of the unfavorable habitat of the host macrophages where they multiply. Thus, in these prokaryotic organisms, UDG is likely to be a crucial enzyme in DNA repair. Description of the crystallographically solved 3D structure of the full-length wild-type UDG from E.coli complexed with the UDG inhibitor protein from PBS2, is significant in that the E.coli enzyme has served as a prototype for the various biological studies on the uracil excision repair pathway. It will now be possible to design various site-directed mutants of EcUDG to study, in detail, the interaction of the different accessory factors with this important DNA repair enzyme. The present analysis, the first of a prokaryotic UDG, further establishes the high level of structural homology among the animal, bacterial and viral UDGs. Their DNA binding properties and mechanism of action are also essentially the same. Yet structural differences exist among them. A detailed comparison of the enzyme from the three sources permits the delineation of the relatively constant and variable regions of the molecule. EcUDG, reported here, could be a prototype for UDGs from pathogenic prokaryotic organisms and could serve as a model for development of drugs against them. The regions of the molecule where the E.coli enzyme differs from the human enzyme would be particularly important in this effort.
